Abstract-The purpose of the paper is to investigate the application of a Switched Reluctance Generator (SRG) for future wave energy converters. This machine presents some favourable features as compared to others. The machine optimal operation can be obtained after a detailed assessment of the control strategy. For this purpose, a SRG model is implemented in Matlab® Simulink® environment to find out the values of the switching angles which maximize the converted power and to set up an appropriate control of the power exchange with the grid to which the machine is connected. The simulation results provide evidence that a proper advancing of the turn on angle enables an optimized power extraction, fulfilling at the same time the control references on DC link voltage and grid reactive power.
I. INTRODUCTION
The exploitation of renewable energy resources under severe environmental conditions, e.g. offshore wind and marine applications, calls for the adoption of reliable and compact energy converters, which can safely operate with extremely variable input power and temperature and in presence of other uncertainties and disturbances. On this matter, among the electric generator types, the switched reluctance machine (SRM) presents some favourable features such as the high robustness and power density, the insensitivity to temperature variation and the possibility to operate on broad range of speed values.
The SRM presents a doubly salient magnetic configuration provided with concentrated coils wound around the stator teeth (Fig.1) . The torque is produced by the tendency of its moveable part to move to maximize the inductance of the excited coils. By a sequential switching of the stator phases, a continuous operation is obtained. In particular, the appropriate choice of the turn-on and turn-off angles enables both the motor and generator operating conditions. There are several combinations of stator and rotor poles, involving different number of stator phases . The most common are = 6/ = 4 ( = 3), 8/6 ( = 4), 10/8 ( = 5) and 12/8 ( = 3). The configurations with higher number of stator/rotor pole combinations have generally less torque ripple, however they have a more complicated stator winding and higher number of supply converter components.
Further features of such machine are [1] : • low inertia rotor configuration with and stator winding ease to manufacture, leading to an appreciable cost-saving with respect to permanent magnet (PM) machines; • losses mainly located in the stator, easier to cool than the rotor; • torque independent on the current polarity, enabling a simple converter topology; • inherent fault tolerance ability, due to negligible phase mutual coupling. On the other hand, the main drawbacks are the high values of current ripple requiring high rated DC link capacitor and the torque ripple and radial forces which can cause acoustic noise and vibrations. The latter issue can be reduced by controlling the overlapping phase currents and selecting an appropriate / combination [2] .
The SRM has been considered for different application in the renewable energy converters operating at variable speed. In particular, current-controlled switched reluctance generator (SRG) are well suited for low speed wave energy converters (WECs), such as the point absorbers, the Archimede Wave Swing and the oscillating water column [3] , [4] . The WEC reciprocating motion can drive a low speed linear SRG [5] or can be transformed into high speed rotating motion to drive a conventional SRG configuration.
The paper investigates the performance of a high speed 6/4 SRG drive by implementing a model in Matlab® Simulink® environment. A detailed assessment of the control strategy is carried out to determine the switching angles, which maximize the converted power, reducing simultaneously the 978-1-5090-4650-8/16/$31.00 ©2016 IEEE power ripple. At the same time, an appropriate control of the power exchange with the grid is set up to deliver the available active power at unity power factor. After the description of the SRG model and of the implemented control schemes, the operation of a 60 kW rated machine is simulated at a constant speed operation to identify the values of the switching angles and to assess the effectiveness of the control techniques.
II. SRG OPERATING PRINCIPLE
With reference to the 6/4 SRM of Fig.1 with no magnetic saturation, the phase inductance has approximately a trapezoidal variation with rotor position with an angular period 2 / = 90°. The value ranges between the minimum unaligned and maximum aligned (Fig.2 ) [1] . By assuming single-phase supply, the phase flux linkage and the electromagnetic torque are given by:
with = • magnetic co-energy. From the torque expression, it is clear that the best generating efficiency is obtained by keeping the phase current at the rated value when the phase inductance is decreasing, and at zero otherwise. The angular amplitude of such region is roughly comparable to , whereas − defines the angular range at constant = .
Therefore the phase turn-on and turn-off angles and must be conveniently set according to the rotor position, controlling the current to avoid motor operation or inefficient supply during constant inductance intervals. In addition, with the above assumptions, the conduction angle = − must be higher than the step angle = 2 / = 30° to avoid gaps in the torque production.
The control of SRG operation is actually even more troublesome, because of the following issues:
• and ′ are also dependent on phase current because of the high magnetic saturation;
• flux fringing causes a variable / moving from to , independently from the current values;
• phase current are difficult to control at high speed operation, as the e.m.f. has high peak value and it is not constant along the supply interval, even with constant angular speed ω [6] . In order to achieve a proper assessment of and , the SRG electric equation in dynamic condition must be considered. Let v be the voltage applied to the phase terminals, the current profile is determined by solving the equation:
with phase resistance, incremental inductance and e.m.f. coefficient. The corresponding single phase equivalent circuit is shown in Fig.3 , where = is the motional e.m.f.. The supply voltage depends on the type of the power converter. In the following, an asymmetric bridge converter is considered (Fig.4) . When the switches T1 and T2 are turnedon ( = ), the DC voltage V DC is applied to the SRG phase. During this period the current rise depends on the sign of . Considering the sign convention of Fig.3:  a) if 0, is limited by the phase voltage drop and by back-emf ; this condition occurs when is advanced with respect to the / 0 interval; b) if 0, rises steeply because of the concordance of and . At low speed, the current can exceed the maximum reference value; therefore, a hysteresis control governs the turning on and off of one switch to keep constant current operation. Such supply interval represents the magnetizing phase of the SRG, essential for the magnetic flux formation. The generating phase occurs when the switches T1 and T2 are turned-off ( = ). Indeed, the freewheeling diodes D1 and D2 enable the current return towards the DC link, generating active power. According to the value, the current decreases ( , generally with low speed and/or low ), keeps flat ( ≅ ) or increases ( ). Anyway, as soon as / tends to zero near the unaligned position, the current decreases, possibly forced to vanish as / becomes positive (motoring operation). Typical current waveforms in relation to a triangular inductance profile are reported in Fig.5 , corresponding to different speed operation [7] . It is important to note that with an accurate selection of the switching angles and the generated power can exceed the excitation power. An effective performance index is represented by the excitation penalty defined as:
where , are the mean values of the generating and magnetizing currents and is the angle at which the current becomes zero. In Fig.5 , the shaded areas and are proportional to the mean magnetizing and generating current, therefore representing an estimation of the input and output energy, respectively.
As a rule of thumb, for a given conduction interval , the waveform provides the smaller than and . However, produces the largest energy per cycle, thus being more effective in energy conversion. Of course, a detailed evaluation about the generating performances requires the adoption of a general SRG model, which allows for the optimized assessment of the switching angles, possibly at different operating-speeds, for a given set of machine parameters (e.g., flux-current characteristic as a function of rotor position). Figures 6 and 7 show the general layout of the implemented SRG model implemented in Simulink®. The connection to the grid side that is implemented inside the converter block is omitted here for the sake of clarity. The model includes four main parts: the external voltage source, the converter, the machine and the position sensor. Simulations and analyses are done assuming constant speed and mechanical torque , therefore absorbing constant mechanical power = • . The other input is the phase current, provided by an external DC source voltage at the system start up and then directly by the DC link voltage when the capacitor is completely charged.
III. SRG SYSTEM MODELLING
With reference to the phase B inductance variation of Fig.1 , the range for firing angles is between 0° and 45°. As the machine is 6/4 model with 3 phase coils ( = 3), once the switch pulses for the phase B are defined, the ones for the other phases are shifted by ± . The output pulse signal goes inside the hysteresis controller to command the switching of the phases. The converter is connected to the machine and to the capacitor that is charged during the generating period (Fig.7) .
The capacitor is in turn connected to an inverter that converts the power from DC to AC for the power delivery to the grid. The line parameters are simulated by an inductance in series with a grid block including a three-phase voltage source and ohmic/inductive impedance (Fig.8) . The parameters of the grid are chosen to align with the DC voltage. In addition, the capacitor voltage must exceed the peak grid voltage to govern the power flow in the correct direction.
978-1-5090-4650-8/16/$31.00 ©2016 IEEE , it is possible to extract more current; otherwise, when the voltage is lower than * , it means that it is necessary to extract less current so less power is generated. The adopted control configuration is based on a scalar approach assuming balanced sinusoidal voltage relations. In this condition, the power flow is controlled by the inverter modulation index and by the phase shift , which values are driven through two PI regulators.
Let us consider a phasor diagram where the inverter voltage phase and amplitude regulate active and reactive power exchange. Fig.9 represents an ideal balanced condition, where is the inverter voltage, is the grid voltage, the angle between them, the grid current and the voltage drop on the line inductance. Both and respond to changes in the capacitor voltage, as variations indicate the amount of active power that can be exchanged by variations of the grid current amplitude.
For instance, as increases, it means that more active power should be extracted from the capacitor, leading to the angle increase by the voltage phase control. As a result, the current phasor increases, leading to a not null phase shifting with (Fig.10a) . Then, the control of the modulation index adjusts the inverter voltage to have the supplied current in phase with the grid voltage . The control operates likewise as and then decreases (Fig.10b) .
IV. RESULTS
The analysis is done using the current-controlled mode on a 6/4, 60 kW machine in linear and steady state conditions with a constant torque of 191 Nm; the rated speed is therefore = 3000
. The maximum reference current allowable for the drive is * = 250 . The values of the DC link capacitor and of the line inductance are = 1000 μ and = 0.42 , respectively. The simulation time takes a few seconds to reach the steady-state condition, allowing for extensive analyses with limited hardware resources.
The determination of the optimal switched angles is carried out in order to find the maximum output power deliverable to the grid. At high speed operation, the choice must take into account that the changing from positive to negative slope of is faster, so the current flows through the phase for less time. Then, the turn-on angle has to be advanced to enable the current increase before achieving the position at which the negative slope of .
The conduction angle should be ideally fixed to reach the maximum current at the end of the magnetization phase ( = ), in order to maximize the generated power during the freewheeling phase, avoiding at the same time a residual current in the motoring operation interval. This condition could lead to unacceptable decrease of generated power, unwanted double side power flow and mechanical stress related to the wide torque variations. Table I shows the mean values of the converted electromagnetic power obtained with a set of switching angles examined by the parametric analysis. The optimal angle combination is found for = −30° and = 40°.
978-1-5090-4650-8/16/$31.00 ©2016 IEEE Figures 11 and 12 show the initial and the optimized instantaneous values, respectively. In particular, Fig.11 also shows the improvement in the ripple (peak-to-peak), which decreases from ≈ 25 kW to ≈ 15 kW. Fig.13 shows the complete profile of the main machine parameters: the fluxlinkage , the current through the phases , the electromagnetic torque and the rotor speed .
At the beginning of the simulation, it can be noticed that there is a transient phase caused by both the connection of the capacitor voltage as the new voltage source and the starting of the control system managing the power delivered to the grid. This is due to the control action aiming to operate at zero reactive power. Initially, the system runs in an open loop cycle, the phasors have different phase angles with respect to the controller reference values so they need time to reach at the reference value.
From Fig.14 , it is possible to see the capacitor voltage oscillating around the reference value needed for the machine supply. The control allows a limited ripple between 240 ± 40 according to the amount of power delivered to the grid.
Finally, Fig.15 shows the active and reactive power flow to the grid. After the initial period of capacitor charge, the active power achieves the steady state value around 41 kW, while the reactive power is kept around a zero value by the controller.
CONCLUSIONS
In this paper, a model of the 60 kW rated switched reluctance generator (SRG) system is developed to identify an optimal combination of the switching angles at a constant speed operation. In particular, it is verified that the advancing of the turn on angle can appreciably increase the converted power, reducing simultaneously the power ripple (about 15% with respect to the mean power).
The latter achievement is also important to limit the machine mechanical stress due to the torque oscillations. Taking into account the SRG ohmic losses, an amount of is delivered to the grid by the implemented control on grid side inverter. The accurate and fast enough response of active and reactive power references proves the effectiveness of the adopted strategy.
The implementation of the full model of the generation system allows more comprehensive studies, mainly for the application of wave energy converters where SRG can be conveniently integrated. In this field, the model is suitable to assess alternative control strategies in dynamic conditions, following to the application of actual wave torque profiles.
Indeed, mechanical equation can be easily implemented for a full dynamic to set up maximum power point tracking algorithms. Furthermore, different machine designs, e.g. increasing the number of stator/rotor poles, can be also compared to find the best trade off between optimal energy conversion and SRG drive complexity.
